have shown that ZVI can degrade metolachlor in aqueous solutions via hydrogenolysis. Eykholt
tives, such as wood flour, cob flour, and oat or rice hulls, may also be added to absorb moisture and improve flowability. The clay binder usually is sodium bentonite, calcium bentonite, kaolinite, or a combination thereof. Waste A lachlor and metolachlor are chlorinated herbigreen sands also contain between 1 and 11% residual cides that have been used widely in agriculture iron particles (by weight) as a by-product of casting operaand are ubiquitous ground water contaminants in agtions (Lee and Benson, 2002) . The presence of iron partiricultural regions of the United States (Roux et al., 1991;  cles, organic carbon, and clay renders green sand from Kolpin et al., 1996; Barbash et al., 1999; Spalding et al., gray-iron foundries as a reactive and sorbing medium. 2003). Alachlor and metolachlor are mobile in ground Moreover, green sands can be obtained for little or no water, and have been characterized as probable (alachlor) cost because they are landfilled in large quantities by and possible (metolachlor) human carcinogens (Nowell the U.S. foundry industry. For example, approximately and Resek, 1994) . One potential method to remediate 800 000 Mg of green sand is landfilled annually in Wisground water contaminated with alachlor and metoconsin, USA, with an annual cost of $18 million to the lachlor is to treat the ground water in a reactive barrier foundry industry. (RB) using zerovalent iron (ZVI). Laboratory studies Because waste green sands generally are considered by Eykholt and Davenport (1998) , Koppensteiner (1998) , as a solid waste, regulations often require that the envi- Comfort et al. (2001) , Gaber et al. (2002) , and Satapanaronmental risks associated with their re-use be considered. This issue is not addressed in this paper, but is Saturated hydraulic conductivity of each green sand was water quality standards were only exceeded for Fe and measured following the methods described in ASTM D 5886 that these exceedances were modest (Ͻ10%). More- (American Society for Testing and Materials, 2000) . The conover, they found that Fe, Cr, and Pb leached at lower stant head method was used and tap water was the permeant concentrations from green sand than from the natural liquid. The green sands were tamped into the permeameter soils and the granular iron that were tested.
with a rod in three layers of equal thickness using 15 tamps
This study assessed the feasibility of using waste green per layer. The intent was to create a moderately compacted sand as a low-cost reactive medium for treating ground material that would simulate in situ placement of the sand by water contaminated with alachlor and metolachlor. The loose dumping followed by vibratory densification. Saturated intent of the study was to determine if green sands hydraulic conductivities of the sands are summarized in Table 1 however, the material may be applicable to other ground is controlled primarily by the amount of clay in the green sand water treatment approaches as well.
(i.e., green sands with a larger clay fraction typically have lower hydraulic conductivity). For example, Sand 11 has the lowest saturated hydraulic conductivity and the highest clay
MATERIALS AND METHODS
content of the sands that were tested, whereas Sand 9 has the Green Sands smallest clay fraction and the highest hydraulic conductivity. This sensitivity to clay content is typical of mixtures of sand Twelve green sands from foundries in Wisconsin, Illinois, and bentonite, as described in Abichou et al. (2002) . and Ohio, USA, were used in the study. All of the green sands
The hydraulic conductivities of the green sands are lower included a small fraction of bentonite clay (blended calcium than the hydraulic conductivity of granular ZVI, which typiand sodium bentonite) as a binder and seacoal as the organic cally is on the order of 10 m/d (Elder et al., 2002) . Thus, green additive. Other additives to the green sands were not divulged sands most likely would be used in permeable reactive barriers by the foundries supplying the sands. The green sands were (PRBs) placed in less permeable aquifer materials (fine sands, obtained from segregated waste streams at the foundries. Core silty sands) or in low-permeable reactive barriers (LPRBs) sands, core butts, scraps, litter, and other debris commonly used in conjunction with ground water cutoff walls. Alternafound in foundry wastes were excluded from the green sands.
tively, the hydraulic conductivity of green sands can be inEach sand was placed in a sealed 200-L drum and shipped to creased to more conventional levels by mixing with coarse the University of Wisconsin-Madison. Before testing, each sand materials such as gravel, coarse sand, crushed glass, or tire was spread and air-dried for one day at 24ЊC. After drying, chips (Lee and Benson, 2002) . any clumps in the sand were crushed using a small hammer.
Index properties of the green sands are summarized in (Detroit, MI) were than 2 m) ranges from 2.9 to 13.2%, and the specific gravity used for comparative tests. Purity of the ZVI ranged from 92 ranges from 2.51 to 2.73. Total organic carbon (TOC) content to 95% (by weight), the total carbon content was 3.5% (by of each green sand was measured using a Lab 2100 TOC weight), the mean particle size was 0.7 mm, and the specific analyzer (Zellweger Analytics, Lincolnshire, IL), and was surface area was 0.87 m 2 /g (Koppensteiner, 1998). The Peerless found to range between 0.5 and 4.0%. Total iron content was ZVI particles are larger and have lower specific surface area determined by elemental analysis on a digestion and ranged than the iron in green sands, as will be discussed subsequently. between 1.2 and 11.9%. Surface area of the iron in the green sands was determined by Brunauer-Emmett-Teller (BET) Chemicals analysis (Brunauer et al., 1938) . The surface area was 2.45 m 2 /g, on average, and varied little between sands (Lee and BenAlachlor (94% purity) and its dechlorination by-product acetyl alachlor (98% purity) were obtained from Monsanto son, 2002). Batch sorption tests were conducted on green sands without dechlorination by-product (99% purity), which is known as iron so that reactivity and sorptivity could be evaluated sepa-"metolachlor by-product" or MBP. Deuterium oxide, which rately. Sands 1 through 5 and 7 through 12 were tested. Sand 6 was used as a tracer, was obtained from Aldrich Chemical was not tested because insufficient quantities of Sand 6 reCo. (Milwaukee, WI) . mained after the hydraulic conductivity tests. A strong magnet was passed over the surface of a thin layer of green sand to remove the iron particles. The layer was mixed several times
Zerovalent Iron

Analytical Methods
during removal to ensure that the iron particles could be removed from the magnet.
Herbicides and By-Products
The batch tests were conducted by varying the mass (2-7 g) A Varian (Palo Alto, CA) 3400 gas chromatograph with of green sand and holding the concentration of herbicide cona flame ionization detector (FID) and DB-5 column (30-m stant. Aqueous solutions and green sand were placed into length ϫ 0.25-mm i.d.) was used to analyze for alachlor, meto-40-mL Teflon bottles sealed with Teflon caps. Aqueous solulachlor, and their dechlorination by-products. A 1-L sample tions with no green sand were used as controls to estimate was drawn using a 10-L gas-tight syringe and manually inlosses. Final concentrations of these controls were assumed jected into the gas chromatograph. The detector temperature to be the initial concentration of the mixtures to account for was set at 300ЊC and the injector temperature was set at 210ЊC.
losses during the test (Zytner, 1992) . All samples and controls Air was used as the carrier gas at a flow rate of 300 mL/min.
were treated identically to maintain procedural similarities Helium was used as the make-up gas using a flow rate of 30 (Zytner, 1992) . The vials were tumbled at 30 rpm. mL/min. The column temperature was maintained at 110ЊC
A series of preliminary tests were conducted to determine for 6 min and raised to 170ЊC at 20ЊC/min until 240ЊC was the time required to achieve equilibrium. Results of these reached, at which the temperature was held for 2 min to tests showed that the concentration ceased changing or was remove any residuals. The total run time was 25 min. The changing a very small amount after 24 h of tumbling. Thus, detection limits for alachlor, acetyl alachlor, metolachlor, and for practical purposes, a tumbling time of 24 h was used for MBP were 0.9, 1.1, 1.0, and 0.8 mg/L, respectively. the batch tests. Samples were prepared for analysis using the method deAfter tumbling, the vials were centrifuged at 8000 rpm scribed in Koppensteiner (1998) . A 2-mL sample of solution (8200 ϫ g ) for 20 min. Samples were obtained from the vials was extracted into 2 mL of methylene chloride and then mixed using a 5-mL gas-tight syringe, and then prepared for analysis for 1 min with a vortex mixer. A gas-tight syringe was used as described previously. Analyses were conducted for both to transfer 1 mL of the methylene chloride solution into an the herbicides and their dechlorination by-products (acetyl autosampler vial with an open-top closure and a Teflon-lined alachlor and MBP). No dechlorination by-products were detected, which suggests that the iron removal process was sucsilicone septa. All samples were stored in a refrigerator at 4ЊC cessful and that dechlorination and degradation during the before analysis. Recovery factors determined by extraction batch sorption tests were negligible. from stock solutions of alachlor and metolachlor having known concentration (50 mg/L) were 104 and 102%, with standard deviations of 6.3 and 8.1%, respectively.
Batch Degradation Tests
Batch tests were conducted to evaluate the rate of degradaDeuterium Oxide Tracer tion of alachlor and metolachlor in the presence of green sand iron. Tests were also conducted with Peerless iron for The D 2 O concentrations were determined via refractive comparison. Iron particles for the batch tests were extracted index (RI) using a Beckman 156 refractive index detector from the green sands using a magnet, washed with methanol, (Beckman Coulter, Fullerton, CA). Before analysis, samples and then dried for 5 min with an external heater set at 40ЊC were filtered using a 0.45-L Teflon syringe filter to remove for 5 min. No brown oxides (i.e., iron oxyhydroxides) were colloidal materials and transferred to an autosampler vial with visible on the washed particles. Iron particles extracted from a closure having a Teflon-lined silicone septum. The samples the green sands were placed in 50-mL glass vials filled comwere loaded into a Varian autosampler 8000/8100 and an pletely with solution (no headspace). Controls without iron 80-L sample was injected into the RI detector at a flow rate of were prepared in an identical manner. The vials were loaded 1 mL/min. Calibration of the RI detector was conducted using on a tumbler and rotated at 30 rpm. Type I deionized water containing 1, 3, 5, and 10% D 2 O (by Vials were removed from the tumbler intermittently for volume). The detection limit for D 2 O was 0.4% (by volume).
analysis. The vial was allowed to sit for 5 min so the iron particles would settle, and then a 5-mL gas-tight syringe was used to collect a 2.5-mL sample. The sample was filtered through a
Batch and Column Test Methods
0.45-m Teflon syringe filter and prepared for analysis as Solution Preparation
described previously. A first-order decay model with instantaneous sorption was Aqueous solutions of the herbicides were prepared by inused to determine the bulk reaction rate constant (K obs ) and jecting a designated amount of alachlor or metolachlor into the iron-phase partition coefficient (K pi ) for both herbicides. a 2-L volumetric flask filled with Type I deionized water. The
The model is (Koppensteiner, 1998): Type I deionized water was sparged with nitrogen gas for 1 h beforehand to remove dissolved oxygen, and then mixed with
sodium azide (0.1% by weight) to prevent biological activity. The solution was mixed with a magnetic stirring bar for 24 h. To evaluate losses during preparation, aliquots of alachlor and where C aq is the concentration of herbicide in the batch reactor metolachlor (1 L) were analyzed. The variations were Ϯ5% at time t (mg/L), C 0 is the initial herbicide concentration (mg/L), K obs is the bulk first-order decay rate constant (h Ϫ1 ), and S r is of the expected alachlor and metolachlor concentrations. solid to solution ratio (kg/L). Equation [1] was fit to the data using a least-squares algorithm to obtain K obs and K pi . Typical fits of Eq.
[1] are shown in Fig. 1 for batch tests conducted with iron particles from Sand 11. Analyses were conducted to determine concentrations of the herbicides as well as their dechlorination by-products to confirm that dechlorination was occurring and to conduct mass balances. Dechlorination by-products were observed in all 2 mL of solution was transferred to a 4-mL glass vial in less tests and mass balances of 94% (alachlor) and 96% (metothan 1 min, and was immediately prepared for analysis as lachlor) were obtained. Moreover, the rate of depletion of both described previously. Samples were stored in a refrigerator at herbicides agreed closely with the rate at which the dechlorina-4ЊC before analysis and were manually injected into the gas tion by-products accumulated (Lee and Benson, 2002) . chromatograph using a gas-tight syringe. The bulk reaction rate constant (K obs ), partition coefficient
Column Tests
, and effective porosity (n e ) were determined for each column test by fitting the relative concentration Column tests were conducted to determine partition coeffi-(C e /C 0 ) data to an analytical solution of the advection-dispercients and rate constants for flow-through conditions. A schesion-reaction equation (ADRE) with instantaneous sorption. matic of the column test setup is shown in Fig. 2 . A glass Typical fits are shown in Fig. 3a . The solution to the ADRE column (length ϭ 450 mm, diameter ϭ 25 mm) was used with that was used is (van Genuchten, 1981) : Teflon adapters and porous ceramic disks attached to both ends. A glass fiber filter was placed between the porous disk and the reactive medium to prevent clogging. At least two
΅ ϩ pore volumes of Madison tap water were passed through the column initially. The influent solution was then switched to a herbicide solution for the column test. After finishing a test
with herbicide solution, D 2 O solution (10% by weight) was introduced as a conservative tracer to determine the effecwhere C e is the concentration at the effluent end of the column tive porosity.
at time t, C 0 is the influent concentration, L is the column length, Solution was introduced into the columns at a constant flow v is the seepage velocity (discharge velocity/effective porosity), rate (2.2 ϫ 10 Ϫ4 L/min) using a peristaltic pump. All tests D is the effective dispersion coefficient, R is the retardation were conducted with upward flow. The influent was contained factor, exp is the exponential function, and erfc is the complein a 2-L Teflon bag. All contact parts in the pump were made mentary error function. This analytical solution is derived for of Teflon, except for the tubing, which was Viton. Concentrathe first-type initial and boundary conditions (i.e., background tions of alachlor or metolachlor in the influent ranging beconcentration is assumed to be zero, influent concentration is tween 34 and 55 mg/L were used. A loss of approximately constant, and the concentration gradient is zero at great dis-3% occurred when the herbicides passed through the pump, tance from the influent boundary). The variable u in Eq.
[2] is: but a constant influent concentration (Ϯ2.6% for alachlor, Ϯ3.5% for metolachlor) was maintained during testing (Lee
and . Samples of the influent and effluent were collected from the sampling ports (Fig. 2) Two control tests were conducted with Portage sand to assess the potential for sorption on the tubing and glass column. One test was conducted with alachlor and the other with metolachlor. Portage sand is a poorly graded silica sand from a sand deposit in Portage, WI. The sand has a median particle size of 1.8 mm, a uniformity coefficient of 2.0, a coefficient of curvature of 1.39, and a classification of SP in the Unified Soil Classification System. The sand was washed with deionized water until any visible impurities were removed, air-dried, and packed in the glass column. The control test was conducted in the same manner as all other column tests.
Breakthrough curves for alachlor and metolachlor from the control tests are shown in Fig. 3b . The relative concentration reaches steady state at unity, indicating that no continuous losses were occurring. Fitting Eq.
[2] to the data yielded partition coefficients of 1.56 L/kg for alachlor and 0.23 L/kg for metolachlor. This modest partition coefficient is believed to be due in part to organic carbon in the sand. To assess this possibility, the partition coefficients for alachlor and metolachlor were estimated using the empirical equation from Briggs (1981): where f oc is weight fraction of organic carbon in the Portage sand, K ow is the octanol-water partition coefficient, and A and B are empirical constants. The empirical constants A and B sorbed herbicides is negligible. The retardation factor is rewere set at 0.52 and 0.88, respectively, as reported by Briggs lated to the bulk partition coefficient (K p ) for the linear iso-(1981). The f oc for the Portage sand was determined using the therm via: same procedure used for the green sands and was found to be 0.2%. The K p values for alachlor and metolachlor estimated
using this approach are 0.35 and 0.94 L/kg, respectively, which suggests the modest amount of partitioning observed in the where d is the dry density (mass of solid per total volume) and control tests may have been due to the presence of organic n is the porosity. For the steady-state condition, the effluent carbon. Regardless, the K p obtained from the control tests are concentration (C ss ) is: small relative to the K p obtained for most of the green sands. Thus, losses to the column materials are believed to have been negligible.
RESULTS AND DISCUSSION
The dispersion coefficient (D ) obtained by fitting Eq.
[2] to the column test data is the sum of the mechanical dispersion Sorption isotherms for alachlor and metolachlor obtained from the batch tests on green sands without iron (metolachlor), the Freundlich parameter 1/n is approxiThus, the isotherms are believed to be reliable despite mately 1. Similar values of 1/n have been reported by the lack of replication. Seybold and Mersie (1996) , Wang et al. (1999) , and PataAll of the isotherms are approximately linear within kioutas and Albanis (2002) for organic soils, but slightly the range of concentrations that was tested. Partition smaller values have been reported Clay et al. (1997) . coefficients for alachlor and metolachlor were obtained
The K p values for alachlor and metolachlor are shown by fitting data from the batch tests to linear and Freundas a function of TOC and clay content in Fig. 6 . The lich isotherm models using a least-squares algorithm.
open circles are data points and the numbers in italics The parameters of the linear and Freundlich models are adjacent to the open circles are the measured K p . The summarized in Table 2 . Good fits were obtained with contours were prepared with the minimum curvature both isotherm models for the range of concentrations algorithm in Surfer (Version 8.04; Golden Software, that were used.
2002). For both alachlor and metolachlor, K p generally Partition coefficients obtained from the linear model increases with TOC and clay content. For example, Sand range from 3.6 L/kg (Sand 9) to 50.2 L/kg (Sand 11) for 9 has the lowest K p (3.6 L/kg for alachlor and 1.0 L/kg alachlor and 1.0 L/kg (Sand 9) to 54.8 L/kg (Sand 11) for for metolachlor) as well as the lowest TOC and clay metolachlor and generally are within the range typically content of all sands. where f oc is the fraction of organic carbon (f oc ϭ TOC/ polar functional groups that permit hydrogen bonding 100), K m is the partition coefficient for the mineral solid, to mineral surfaces (Chesters et al., 1989; Grundl and and K oc is the partition coefficient for the organic carbon. Small, 1993; Wang et al., 1999) . For example, Sand 4 has Least-squares regression was used to determine K m and relatively high K p (18.9 L/kg) because the sand has high K oc from the partition coefficients for the linear isotherms clay content (10.5%) even though the TOC is low (0.5%).
in Table 2 . The regression yielded K m ϭ 0.65 L/kg and A direct assessment of the relative contributions of K oc ϭ 809 L/kg for alachlor and K m ϭ 0.50 L/kg and the clay fraction and organic carbon in the green sands K oc ϭ 854 L/kg for metolachlor. was not possible because the proportions of TOC, clay,
The K oc and K m values obtained from the regression and nonclay particles could not be determined with the analysis are similar to those reported by Grundl and data that were available. However, the relative contribuSmall (1993) for surficial organic soils having similar TOC tions of mineral solids and organic carbon to the partias the green sands, but are larger than K oc reported for tion coefficient were estimated using the linear mixing model described in Grundl and Small (1993) : soils with low organic carbon content (Ͻ1.3%) by John- son and Sims (1993) and Seybold and Mersie (1996) . of flashing as well as residuals from grinding (the latter forming very fine particles), whereas commercial iron The large K oc demonstrates the affinity of the organic carbon fraction for alachlor and metolachlor. However, particles often are from recycled iron from machining operations. sorption on the mineral fraction is also important. Even though K m is much smaller than K oc , the mass of mineral Column Tests solid in green sands is much greater than the mass of organic carbon, making sorption on the mineral solid
The column tests differed from the batch tests in sevappreciable. The clay fraction likely is responsible for eral important ways. Column tests simulate flow-through most of the sorption on mineral solids, as suggested by conditions where solid-liquid contact may be limited. Peter and Weber (1985) and Wang et al. (1999) . This Rate limitations may also exist or be exacerbated due inference is also consistent with the larger K p associated to mass transfer restrictions between solutes in different with green sands having higher clay content (Table 2) . pore spaces (e.g., pores active in flow and less accessible pores). Additionally, the batch tests were conducted to Batch Degradation Tests evaluate sorption and dechlorination separately, whereas both processes occur simultaneously during column Batch degradation tests were conducted with iron tests. A key issue is whether transport parameters obfrom the green sands as well as Peerless ZVI for compartained from relatively simple batch tests (i.e., partition ison. The parameters obtained from the model fits are coefficients and rate constants) are comparable with summarized in Table 3 . Rate constants and iron partithose operative during flow-through conditions, which tion coefficients from tests conducted by Koppensteiner occur in column tests and the field. (1998) and Eykholt and Davenport (1998) using PeerTransport parameters obtained from the column tests less granular ZVI are also shown in Table 3 . The rate are summarized in Table 4 . Five green sands (1, 2, 4, 5, constants in Table 3 (K SA ) are normalized by SSA (i.e., and 12) having a broad range of TOC, clay content, and
iron content were used for the tests with alachlor. Tests The K SA obtained for the green sands iron is comparawith alachlor were also conducted with Sands 1 and 5 ble with, but slightly larger (approximately 10%), than using admixtures of Peerless ZVI (10 and 20% by weight, the K SA obtained for Peerless iron for both alachlor and respectively) to evaluate how elevated iron content afmetolachlor. The green sand K pi values are similar to fects reactivity of the green sand. Three green sands the K pi values for Peerless iron. The K SA measured in (1, 5, and 12) were used for the tests conducted with this study also fall within the range reported by Eykholt metolachlor. Two of the tests with Sands 1 and 5 conand Davenport (1998) and Koppensteiner (1998) for tained an admixture of 20% Peerless iron (by weight). Peerless ZVI (K SA ϭ 3.9 ϫ 10 Ϫ4 to 1.5 ϫ 10 Ϫ3 L/m 2 -h
The tests with ZVI admixtures are reported in Table 4 for alachlor and 3.3 ϫ 10 Ϫ4 to 9.9 ϫ 10 Ϫ4 L/m 2 -h for with a suffix of A in the sand-type designation. Two addimetolachlor). However, the bulk reactivity of the green tional comparative tests were conducted with alachlor sand iron is higher than that of Peerless iron because and metolachlor using mixtures of Peerless iron and the green sand has higher surface area than Peerless Portage sand (10 and 20% iron by weight, respectively). iron (2.45 vs. 0.87 m 2 /g). Although particle size analyses were not conducted Effective Porosity and Dispersivity on the green sand iron, visual comparison of green sand iron and Peerless iron showed that green sand iron conThe effective and total porosities are summarized in sists of particles that are appreciably finer and more Table 4 , along with the ratio of effective to total porosity. uniform than Peerless iron. The smaller particle size
The ratio of effective to total porosity ranges from 0.82 results in more surface area and greater reactivity per to 1.0, which is comparable with ranges reported by mass of iron. Green sands contain smaller iron particles others for compacted fine-textured soils (Kim et al., 1997; Bin-Shafique et al., 2002) . The dispersivities are because the particles are often derived from small pieces Table 3 . Results of batch degradation tests for alachlor and metolachlor using foundry iron and Peerless granular zerovalent iron (ZVI). The bulk first-order rate constant (K obs ) for alachlor is shown as a function of SSA in Fig. 7 . The slope of the trend line in Fig. 7 , which was obtained by linear regression, equals the average K SA for the green sands (5.2 ϫ 10 Ϫ4 L/m 2 -h). This average K SA is similar to but slightly smaller than the K SA obtained from the batch degradation tests (7.9 ϫ 10 Ϫ4 L/m 2 -h for green sand iron, 7.1 ϫ 10 Ϫ4 L/m 2 -h for Peerless iron). Moreover, the relationship between K obs and SSA obtained from the column tests is essentially the same for the green sand iron and Peerless iron, suggesting that both materials have similar reactivity. The K SA values for Sands 1 and 5 containing an admixture of Peerless iron also fall along the same trend line suggesting that the reactivities obtained from the batch and column tests for green sand and Peerless iron are comparable. A similar relationship was obtained between K obs and SSA for metolachlor, but with more scatter (Lee and Benson, 2002) . Regression of K obs for metolachlor on SSA yielded K SA ϭ 3.8 ϫ 10 Ϫ4 L/m 2 -h, which is comparable but slightly lower than the K SA from the batch degradation tests ( are also summarized in Table 4 . A partition coefficient Eq.
[5], and are shown in Fig. 9 . A gradual reduction flow for both tests, and the final K SA was two to three times lower than the initial K SA . This slight reduction in was not computed for Sand 12 due to the difficulty K SA may have been due to oxide formation on the surmentioned previously. A comparison of the partition face of the iron, although an analysis of the iron surface coefficients from the batch tests (linear isotherm) and was not conducted. column tests for alachlor and metolachlor is shown in Fig. 8 . The partition coefficients from the batch and Practical Implications column tests generally are within Ϯ25%, but the column Calculations were made with Eq.
[5] to estimate the tests typically yielded lower partition coefficients for required thickness of RBs constructed with green sands green sands exhibiting greater sorption. One possible having different iron contents. The dispersion coeffireason for this difference may be the different solid cient was computed using Eq.
[6] using a dispersivity to solution ratios in the batch and column tests. Solid equal to one-tenth of the barrier thickness. The aqueous concentrations in batch tests ranged between 50 and diffusion coefficient was assumed to be 9 ϫ 10 Ϫ6 cm 2 /s, 175 g/L, whereas the solid concentration in the column which is a typical value for common organic ground tests was approximately 4250 g/L (i.e., the solid concenwater contaminants (Yaws, 1995) . The effective molecutration for the column tests is about 38 times larger than lar diffusion coefficient was estimated as the aqueous that of the batch tests). The modest variation in solid diffusion coefficient multiplied by a tortuosity of 0.4. to solution ratio during the batch tests may also have Iron content of the green sand was varied from 0.1 to contributed to the differences in the partition coeffi-12%. Typical values were assumed for dry density (1.5 cients. O'Connor and Connolly (1980) report that partiMg/m 3 ) and specific gravity of solids (2.62) when calcution coefficients for organic compounds can be reduced lating the SSA. The bulk first-order rate constant was as much as 38% when the solid concentration is incalculated by multiplying by the SSA for a given iron creased by an order of magnitude because closer contact content by the average K SA for the green sands obtained between the soil solids prevents organic compounds from the column tests. Sorption was ignored, although from accessing the solid surface. Doust and Huang it may be important if degradation can occur while the (1992) also report that K p decreases as the solids concenherbicide is adsorbed. tration increases.
The seepage velocity was varied between 0.1 and 1.0 m/d, which is characteristic of field conditions (O'Hannesin and Gillham, 1998; McMahon et al., 1999; Puls et Long-Term Tests al., 1999; Kiilerich et al., 2000; Mayer et al., 2001 ; YabuThe column tests with Sand 12 and the Portage sandsaki et al., 2001) . At these seepage velocities, the moleciron mixture were continued over a longer time period ular diffusion coefficient only contributes 0.1% to the to assess persistence of the reactivity. Nearly 1500 pore dispersion coefficient. Thus, the value assumed for the volumes passed through the test with Sand 12, and 600 molecular diffusion coefficient has no appreciable effect pore volumes passed through the test with the Portage on the computed barrier thickness. The influent concentration (C 0 ) was varied between 5 and 50 g/L for alachlor sand-iron mixture. The K SA values were computed using may be feasible for RBs used to treat alachlor and metolachlor, there are other practical issues that need to be resolved before green sands can be used at full scale. For example, little is known about the long-term reactivity (i.e., over years or decades) of the iron in green sands. Other issues that need to be considered include in situ leaching characteristics, availability and fluctuations in the green sand supply, transportation costs to the project site, and variability in the properties of green sands (e.g., due to variations in foundry operations). Some of these issues can be inferred using existing data from full-scale RBs using ZVI. Others need to be evaluated by additional study or on a site-specific basis. Examples of site-specific issues include the potential for additional costs incurred by constructing a thicker barrier using green sands (relative to a barrier constructed with granular iron) and regulatory hurdles associated with using an industrial by-product in an application below the ground water table.
CONCLUSIONS
The objective of this study was to evaluate the potential of using waste green sands from gray-iron foundries as inexpensive media for reactive barriers (RBs) used to treat ground water contaminated with alachlor or metolachlor. Batch and column tests were conducted to evaluate the reactivity and sorptive capacity of 11 green sands. Results of the tests showed that green sands have a high sorption capacity for alachlor and metolachlor, with partition coefficients ranging from 3.6 to 50.2 L/kg for alachlor and 1.0 to 54.8 L/kg for metolachlor. A linear sorption model can be used to describe the sorption isotherms. Partition coefficients obtained from the batch and column tests generally were within Ϯ25%, although the partition coefficients from the column tests tended to be lower than those from the batch tests for more sorptive sands. Differences in the solid to solution ratios tion coefficients.
Normalized degradation rate constants obtained from and 150 to 1500 g/L for metolachlor, which bounds most the batch tests were similar for green-sand iron and conditions observed in the field (Spalding et al., 2003) .
Peerless granular ZVI, which suggests that the iron in Maximum contaminant levels (MCLs) for alachlor and the green sands has comparable reactivity as convenmetolachlor in the United States are 0.5 and 15 g/L, tional granular ZVIs used in RBs. Column tests conrespectively (Chesters et al., 1989) . Accordingly, the norducted with green sands also yielded similar normalized malized concentration required to meet the MCL (i.e., rate constants regardless of the sand source, and the MCL/C 0 ) ranges between 0.1 and 0.01 for the C 0 that rate constants obtained from the column tests were also were used. similar to those from batch tests. Normalized concentrations for alachlor and metoCalculations showed that the required thickness of a lachlor are shown in Fig. 10 for various zerovalent iron RB constructed with green sand depends on the herbicontents and barrier thicknesses. The horizontal lines cide concentration in the influent and the iron content on each graph correspond to the C/C 0 needed to meet in the green sand. For influent concentrations less than the MCL for the range of influent concentrations being 0.05 mg/L (alachlor) and 1.5 mg/L (metolachlor) and considered. For seepage velocities less than 0.1 m/d, a seepage velocities less than 0.1 m/d, the calculations 1-m-thick RB will reduce concentrations below the suggest that RBs containing green sand will meet the MCL for typical concentrations found in ground water maximum contaminant levels for herbicides if they are if the iron content exceeds 1%. When the seepage veloc-1 m thick and the iron content is higher than 2%. For ity is 1.0 m/d and the barrier thickness is 1.0 m, iron seepage velocities on the order of 1.0 m/d, a 1-m-thick contents on the order of 6 to 8% are required.
RB with an iron content of at least 3% (alachlor) or 5% (metolachlor) will meet the MCL. Although these calculations indicate that green sands ties on herbicide sorption by Atlantic coastal plain soils. Soil Sci.
